The distribution of adenosine deaminase and adenosine deaminase complexing protein in rabbit heart has been compared using immunohistochemical staining procedures. Sections (4-5 ,um) of tissue fixed in Clarke's solution or paraformaldehyde and embedded in paraffin were stained by the peroxidase anti-peroxidase method for adenosine deaminase or complexing protein, using affinity purified antibodies. Staining for adenosine deaminase and complexing protein was observed in the central myocardium of all heart chambers. Adenosine deaminase was detected in endothelial cells of blood vessels and adjacent pericytes. The nuclei of arteries stained heavily for adenosine deaminase, whereas those of venules and small veins, although positive, stained much more lightly. The cytoplasm of blood vessel endothelial cells and smooth muscle cells of the tunica media were also weakly positive for adenosine deaminase. Endothelial cells of the endocardium and epicardium did not stain. Randomly distributed mononuclear inflammatory cells and interstitial connective tissue fibroblasts were also negative for adenosine deaminase. These results raise the possibility that endothelial cells containing adenosine deaminase could serve as a metabolic barrier preventing the free exchange of plasma and interstitial adenosine. Positive staining for complexing protein was restricted to blood vessel endothelial cells, especially cytoplasmic processes. Colocalization experiments carried out with biotinylated primary antibodies indicate that some vessels are positive for both adenosine deaminase and complexing protein. This is the first experimental evidence of possible in situ association of adenosine deaminase and 1990;66:754-762) Proving that adenosine participates in the regulation of coronary flow is made difficult by the complexity of its metabolism. The modes of production and degradation of adenosine both require additional clarification. A better understanding of the enzymes involved in these processes would also be helpful in determining if the adenosine hypothesis is correct. Advances in the characterization of adenosine deaminase serve as a good illustration. Most models of adenosine metabolism depict adenosine deaminase as a uniformly distributed, soluble cytoplasmic enzyme. Immunohistochemical studies demonstrating that adenosine deaminase is not uniformly distributed in a number of tissues argue against this portion of the model.5-7 In a survey of organs from the rat and calf, for example, Chechik et a15 found that myocardial adenosine deaminase is localized in 754
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Materials and Methods

Tissue Extracts
The hearts of rabbits, killed by asphyxiation with carbon dioxide, were stored at -70°until ready for use. For preparation of extracts, hearts were warmed sufficiently to allow dissection, and pieces of the chamber walls and septum were excised. The tissues were cut into fine slices with a razor blade and then combined with PBS containing 1% Triton X-100 (1: 3 wt:vol) and disrupted in a hand-held homogenizer. Homogenates were sonicated (Ultrasonics Cell disruptor, Heat Systems, Plainview, New York), to ensure complete cell breakage. After they were stirred overnight at 40 C, the homogenates were centrifuged at 48,000g for 20 minutes, and the supernatants were recovered for assay.
Preparation of Normal Heart Tissue
The hearts of two rabbits asphyxiated with carbon dioxide and one rabbit deeply anesthetized by infusion through an ear vein with a 20 mg/ml solution of sodium thiopental were excised, blocked perpendicular the long axis, and fixed in Clarke's solution as previously described. 19 The heart of a fourth rabbit, asphyxiated with carbon dioxide and fixed in Clarke's solution, was blocked longitudinally. The hearts of two additional rabbits were perfused with 4% paraformaldehyde before excision. For perfusion, the thoracic cavity of an animal deeply anesthetized with sodium thiopental was opened. A cannula was then inserted into the aorta through the left ventricle. The right atrium was cut to allow exit of blood and perfusion fluid, and major blood vessels below the heart were clamped with a hemostat. The animal was perfused with saline warmed to 370 C until the system was cleared of blood (15-30 minutes) and then perfused with 4% paraformaldehyde in saline, again at 370 C for 45 minutes. After perfusion, the heart was removed and blocked perpendicular to its long axis, and the blocks were immersed for an additional 60 minutes in 4% paraformaldehyde.
After fixing, tissues from each of the rabbits were dehydrated in a graded ethanol series, cleared in xylene, and embedded in paraffin. Cross Deparaffinized sections were pretreated with PBS containing 1 mg/ml normal rabbit IgG, 2 mg/ml normal goat IgG, and 12.5 mg/ml bovine serum albumin. The sections were then overlaid with biotinylated goat antibody to complexing protein diluted 250 times. This and all succeeding solutions were prepared in the pretreatment buffer. After 2 hours, the slides were rinsed in PBS and then incubated with an avidinperoxidase conjugate for 30 minutes. After a PBS rinse, the sections were stained for peroxidase activity using 3-amino 9-ethyl carbozole as the substrate.22 The sections were coverslipped in buffered glycerol and photographed. After removal of coverslips the sections were dipped in absolute ethanol to dissolve the peroxidase reaction product and then treated sequentially with egg white avidin (30 gg/ml) followed by 1 mM d-biotin to block any biotin residues that were not combined with avidin-peroxidase.
To complete the procedure sections were incubated with biotinylated goat antibody to adenosine deaminase diluted 125 times for 2 hours, followed by a 30-minute incubation with an avidin-alkaline phosphatase conjugate. The sections were then stained for alkaline phosphatase with the 5-bromo-4-chloro-3 -indolyl-phosphate/nitroblue tetrazolium kit provided by Kirkegaard and Perry Laboratories, Gaithersburg, Maryland, and photographed.
Control sections carried through the complete reaction sequence using biotinylated normal goat IgG were stained a light red (peroxidase) and then a moderate blue-grey (alkaline phosphatase). In both instances this background staining was uniform across the sections with no evidence of localized deposits of reaction product. In The walls, papillary muscles, and ventricular septum of the ventricles contained adenosine deaminase positive elements. The nuclei and cytoplasm of capillary, arteriole, and small artery endothelial cells all stained for adenosine deaminase. Small artery staining was especially prominent ( Figure 1A) . Heavy bleblike deposits of reaction product ring the lumen of these vessels. Counter staining with hematoxylineosin indicates that these deposits are coincident with nuclei. Venules and veins display a similar pattern although staining is much lighter by comparison (Figure 2A) . Smooth muscle cells of the tunica media also stain lightly. In contrast to results seen in smaller caliber vessels, endothelial cells of the vena cava, aorta, and pulmonary artery did not stain for adenosine deaminase (data not shown). Cardiac myocytes and fibroblasts of the connective tissue are also negative.
Pericytes, cells intimately associated with capillaries and postcapillary venules are also positive for adenosine deaminase. These cells, stained a deep uniform brown, were detected throughout the ventricular myocardium (Figure 2A ). Deeper endocardial zones had more adenosine deaminase positive cells than did the less vascularized layers closer to the epicardium. Although fewer in number, enzyme positive pericytes were also present in the myocardium of the left and right atrium ( Figure 2B ).
Homogenates of tissue from the chamber walls and septa of three rabbits were assayed for adenosine deaminating activity (Table 1) . Consistent with immunohistochemical results, no striking differences in the distribution of adenosine deaminating activity were observed. Homogenates of skeletal muscle from the hind legs of two rabbits were also assayed. These homogenates contained 0.06 and 0.07 units activity/g tissue, significantly less than that observed in homogenates of heart tissue.
Complexing Protein Arteriolar and capillary endothelial cells, especially cytoplasmic processes, stained positively for complexing protein throughout the myocardium (Figure 3A) . Venule and ventricular endothelial cells stained, but with less intensity. Nuclei of endothelial cells did not stain. Pericytes, smooth muscle, myocytes, and connective tissue were also negative by our procedure.
Comparison of photomicrographs of sequential paraffin sections stained for adenosine deaminase ( Figure IA) or complexing protein ( Figure 3B ) provides evidence that there may be a partial overlap in the location of these proteins. A technique employing biotinylated primary antibodies, that allows staining for complexing protein ( Figure 4A ) and adenosine deaminase ( Figure 4B ) to be carried out on the same section, was used to evaluate this possibility. Although the reaction product used to localize adenosine deaminase is rather diffuse, obscuring some details of staining, comparison of matching areas on the section clearly shows that blood vessel endothelial cells are positive for both enzyme and complexing 
Discussion
During periods of hypoxia or increased work load the balance between production and utilization of ATP within cardiomyocytes may be disturbed. If the tissue becomes ischemic, there is a net breakdown of adenosine nucleotides and adenosine will be released to the interstitium. This extracellular adenosine is thought to aid in the restoration of nucleotide pools by increasing coronary flow to oxygen-depleted tis- sues. The vasodilatory action of adenosine appears to be mediated by interaction of the nucleoside with specific receptors located on the surface of plasma membranes. Adenosine receptors have been detected on the coronary endothelium23 and on coronary smooth muscle cells.24 '25 In view of its apparent importance as a regulatory substance, it seems likely that the concentration of extracellular adenosine in the heart is also regulated.26 Uptake and metabolism could play a major role in this process. The fate of transported adenosine seems to be significantly dependent on two enzymes, adenosine kinase and adenosine deaminase.27,28 At low concentration, adenosine entering a cell is predominantly phosphorylated because the Km of adenosine kinase, 0.2 uM, is well below that of adenosine deaminase, Km=2050 ,gM.27,29 At higher concentrations, the ratio of phosphorylation to deamination depends on the relative specific activities of the two enzymes. In human erythrocytes, for exam- Adenosine deaminase has been localized in oligodendroglia and blood vessel endothelial cells of rabbit brain.7 It has been speculated that these cells, through the action of adenosine deaminase, may help to set an upper limit on the concentration of extracellular adenosine in rabbit brain. We propose that adenosine deaminase, localized in coronary endothelial cells and pericytes of rabbit heart may serve a similar purpose. This suggestion is consistent with the hypothesis of Nees et a123 that the coronary endothelium represents a metabolic barrier to the movement of adenosine between the intravascular and interstitial compartments of the heart. Using perfused hearts and cultured coronary endothelial cells from the guinea pig, they found that at low concentration adenosine entering a cell is preferentially trapped by phosphorylation. At If it is present, the hypoxanthine produced in these cells should be stable since xanthine dehydrogenase/oxidase appears to be restricted to endothelial cells of the microvascular.37 Hypoxanthine diffusing into the interstitium from pericytes could then be trapped by myocytes as inosine monophosphate through the action of hypoxanthine phosphoribosyltransferase. Uptake of adenosine by pericytes followed by the return of hypoxanthine to myocytes could aid in controlling the concentration of extracellular adenosine without risking loss due to washout or conversion to uric acid. Hypoxanthine salvage has been shown to occur, but with low efficiency, in isolated rat myocytes35 and the perfused rat heart.38 It has not been determined if this salvage mechanism is present in rabbit heart. Localization of adenosine deaminase in endothelial cells along with nucleoside phosphorylase and xanthine dehydrogenase/oxidase may have implications for the pathogenesis of reperfusion injury to postischemic myocardium. This would mean that these cells contain the three enzymes needed to generate superoxide anion and other toxic metabolites as adenosine is degraded to uric acid. These free radicals are thought to be responsible for some of the damage experienced when ischemic tissue is reoxygenated. 39 A role for adenosine deaminase complexing protein in adenosine metabolism has not been established. Andy and Kornfeldll and Trotta12 have suggested that complexing protein may participate indirectly in adenosine metabolism by positioning adenosine deaminase on the plasma membrane. Enzyme on the plasma membrane of blood vessels, for example, could be especially effective in preventing free exchange of plasma and interstitial adenosine. This would allow better regulation of adenosine concentration in each compartment. 40 In the first evaluation of this suggestion, an immunohistochemical study in rabbit brain, the two pro'teins did not colocalize. Adenosine deaminase was detected in oligodendroglia and in endothelial cells lining blood vessels, whereas complexing protein was concentrated in neurons. 7 The results presented here provide evidence that in the heart, complexing protein and adenosine deaminase are both localized in the coronary endothelial cells. This is the first experimental evidence of possible in situ association of adenosine deaminase and complexing protein. Additional evidence will, however, be required to prove that the proteins are actually bound together and are not just in proximity.
